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Abstract 
 
Modelling of water flow and associated deformation in unsaturated reactive soils 
(shrinking/swelling soils) is important in many applications. The current paper 
presents a method to capture soil swelling deformation during water infiltration using 
Particle Image Velocimetry (PIV). The model soil material used is a commercially 
available bentonite. A swelling chamber was setup to determine the water content 
profile and extent of soil swelling. The test was run for 61 days, and during this time 
period, the soil underwent on average across its width swelling of about 26% of the 
height of the soil column. PIV analysis was able to determine the amount of swelling 
that occurred within the entire face of the soil box that was used for observations.  
The swelling was most apparent in the top layers with strains in most cases over 
100%.   
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1. Introduction 
  Swelling of clay is an important consideration in most construction projects. The swelling and 
shrinkage cycles can lead to various damage to structures and infrastructure from buried pipelines to 
reinforced concrete buildings [1,2]. The soil water content which is strongly correlated with water 
movement in soils is the governing factor of volume change in reactive soils. 
  Water flow in unsaturated non-reactive soils like sand and silt is well established, and is based 
on Richard’s equation [3,4]. In geotechnical field, most of the calculations are decoupled meaning that 
water flow is calculated assuming that the soil is rigid, and then the resulting water contents (at a 
particular time) are used to compute the likely swelling. In Soil Physics area, the concept of “over-
burden” potential is used to incorporate coupling effects of soil swelling and water flow, but has not 
been readily accepted in geotechnical field to date. The need to resolve the issue of soil reactivity and 
associated damage to surficial structures such as road and railway pavements, pipe lines, and light 
structures is very important globally. With the increasing impact from climate change on the 
swell/shrink behavior of reactive soils, further evaluation of water flow and the associated impacts 
caused on these structures must be performed on the best scientific basis.  
 One of the challenging tasks in studying reactive soil behavior in the laboratory is to capture the 
water flow as well as the concurrent soil movement. In soil wetting, some of the water will be moved 
with deforming soil while water will flow under a hydraulic gradient like in non-reactive (or rigid) soils. 
Further, traditional equipments and techniques can be used to measure the average swelling strain of 
a soil sample. However, swelling strain may not be uniform along the sample height as water ingress 
into the soil normally from either top or bottom. The soil strain will propagate as water moves.  
  
 
 
Therefore, it is advantageous to have novel methods and techniques to capture the water flow and 
the concurrent soil movement along the sample height.  
 This paper, first, describes briefly a Perspex soil chamber and Particle Image Velocimetry (PIV) 
analysis which was used to calculate swelling strain of soil. Bentonite is then compacted into the 
Perspex soil chamber and the soil column is subjected to wetting from the top while taking photos of 
soil texture through the front Perspex sheet of the chamber. Finally, the swelling strain profile 
obtained from PIV analysis is discussed with the net water flow into the chamber. 
 
2. Soil used in study 
 A commercially available soil, ActiveGel 150 bentonite was used for this study. ActiveGel 150 
originates from Miles, Queensland and is an activated sodium bentonite with high montmorillonite and 
low grit content.  The physical properties of the soil obtained in the laboratory, following Australian 
standards and from the manufacturer, are presented in Table 1. The result of the compaction test 
conducted in accordance with Australian standards [5] is shown in Figure 1.  
 
Table 1: Properties of ActiveGel 150 Bentonite 
Average Particle size (µm) 9.0 
Liquid limit, wl [%] 550.0 
Plastic limit, wp [%] 36.0 
Plasticity index, Ip [%] 514.0 
Linear shrinkage [%] 50.4 
Specific gravity, Gs 2.69 
% passing sieve No. 40 (425 µm) 100.0 
Clay content [<0.002 mm: %] 5.5 
Silt content  [%] 94.5 
Optimum dry density ρd  [g/cm3] 1.23 
Optimum water content [%] 20.2 
Swelling stress [kPa] for ρd=1.02 g/cm3 750 
 
OMC
 
Figure 1: Standard proctor compaction curve for ActiveGel 150. 
 
Bentonite is a highly expansive soil consisting mainly of montmorillonite. Bentonite has a high 
swelling pressure, which is classified as the amount of pressure required on the clay-water system to 
keep the void ratio unchanged when water or electrolytes are absorbed into the system. The 
interlayer spacing of the hydrated montmorillonite is the driving parameter for the intracrystalline 
swelling [6]. Villar and Lloret [7] found that swelling pressure is exponentially related to dry density but 
is rather independent of the initial water content of the clay. Bentonite has been widely researched as 
a mixture backfill material in nuclear waste disposal systems [8-10].  
 
3. PIV Background 
Particle Image Velocimetry or PIV is the process of tracking the texture (i.e. the spatial variation of 
brightness) confined on an image and comparing the movement through a series of images [11]. It 
was originally developed in the field of experimental fluid mechanics. Digital images which can be 
captured from digital cameras take monochrome images containing the intensity (brightness) 
  
 
 
recorded at each pixel on the camera’s charge coupled device (CCD) [11]. A mesh of PIV test 
patches is created by dividing up the initial image. Subsequently these single test patches within the 
mesh are used to find the displaced location of the same patch in a subsequent image. For each 
patch the correlation between the first and second image is evaluated and the location with the 
highest correlation found indicates the displaced position of the patch. Bicubic interpolation around 
the highest integer peak is used to find the location of the correlation peak to sub-pixel precision. A 
displacement vector can then be drawn between the two peaks of autocorrelation and thus the strains 
occurring in the sample can be calculated.  
 In implementing this technique to soil movement, White et al. [11] devised a program called 
“GeoPIV.” The GeoPIV program is a MatLab module, which runs at the MatLab command line, used 
to measure displacement fields from digital images. As geotechnical processes are slow, happening 
over large amounts of time, this process is far more efficient than conventional video files. As natural 
sand has its own texture and colour, when light and shadows are captured by the camera tracking of 
particles is somewhat simple [11]. However, in the case of clay the soil grain size is much smaller and 
more uniform causing a problem for the PIV tracking patches. To overcome this problem, dyed sand 
or woodchips are randomly scattered onto the exposed layer of the clay to give the camera a 
reference stochastic texture pattern. A calibration sheet or points in the form of round black dots over 
white backgrounds are also necessary. The points were obtained from a Mylar sheet (sheet 
containing round dots which are precisely measured to a known distance) by photocopying it and cut 
and pasted neatly over the soil chamber. The calibration points on the chamber were placed where 
visible in the photo frame so post-processing can be completed. The images are then calibrated in 
MatLab to correct for any imperfections in the camera positioning, radial and tangential lens distortion, 
and refraction [11]. This technique in geotechnical engineering is rather new but has been used 
frequently in the cracking of clays [12] and large grain soil movement [13, 14]. 
 
4. Methods 
  4.1 Swelling Chamber methods 
 The chamber shown in Figure 2 was used for studying swelling of bentonite in wetting. Its 
effective dimensions are 500 mm in height, 400 mm in length and 200 mm in width. The chamber was 
made up of Perspex sheets that could be assembled and tightened with screws to form the chamber. 
A perforated top plate was utilized to place a uniform seating load onto the soil.  
 
 
Figure 2: Swelling Chamber (all dimensions are in mm) 
  
 
 
 
 First, the inner sides of the chamber were lightly oiled with hydraulic oil to reduce soil-perspex 
interface friction in soil swelling. The front plate was removed and the chamber was laid on the table 
in such a way that the front surface was horizontal. The top plate was adjusted to limit the sample 
height to 250 mm and two non-woven geotextile pieces were placed in contact with the top and 
bottom plates. Bentonite was mixed with water  to reach a moisture content of 33.5% (left 24 hours to 
cure) and was then compacted in eight layers each of 25 mm thick to achieve a pre-determined dry 
density of 1.02 g/cm3 (e0 = 1.63, Sr = 55%). The lower density achieved was due to limitation of 
compaction effort used while preserving the integrity of the box during compaction. Each layer was 
scarified prior to compaction of next layer to ensure sufficient bondage between subsequent layers. 
The surface was covered with blue and yellow dyed woodchips (tracker particles) scattered onto the 
surface to facilitate PIV analysis. To facilitate uniform infiltration of water into the soil, a layer of coarse 
near-saturated sand and gravel were placed in the bottom chamber. Two plastic 2 litre containers with 
drainage holes were placed on top of the perforated Perspex plate at an even spacing for surface 
loading. The plastic containers were filled with rounded garden pebbles at an equal weight for each 
container. Weights were placed on top of the pebbles to create a total surcharge pressure on the soil 
of 4 kPa. Figure 3 shows the compacted soil column setup for swelling test. 
 An 8.0 Megapixel Canon Powershot SX100 IS camera was setup to take photos of textured soil 
surface (see Figure 3) throughout the entire test. The soil was allowed to consolidate overnight before 
initiation of soil wetting. For wetting the soil from the top, a constant level water head was applied 
from a Mariotte bottle and water inflow and outflow were recorded. The test was run for 61 days.  
 
 
Figure 3: Swelling chamber setup 
 
  4.2  PIV Methods 
 Particle Image Velocimetry (PIV) analysis was run for the swelling chamber by comparing the 
first image to the second, and second compared to the third (1-2, 2-3, 3-4, 4-5,…). This method was 
necessary for PIV to track the soil properly and account for the increase in original soil height. A total 
of 75 images were used in Matlab (Image 1 to 75). This analysis, therefore, provided incremental 
deformation and strains between the times each pair of photographs were taken. One image per day 
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was used with each image taken at around the same time (12 midnight). As swelling occurred at a 
much faster rate in the first few hours, more images were used in the PIV analysis over this time.  
 A patch size of 30 by 30 pixels was used with a mesh containing 3442 patches created by 
Geopiv. Each patch size is the equivalent of 5.4 mm by 5.4 mm of the swelling chamber. All wild 
vectors (patches that were not correlated between the two images in a pair) and patches that did not 
move (i.e. calibration points) were deleted before calibration took place. Calibration of the results was 
done using an optic Mylar sheet (sheet with precise dots with an accurate known spacing distance) 
and calibration markers to determine the exact distance between the tracker markers, which was 
used to remove any camera movement that may have occurred during the test. Once calibration was 
complete, each individual patch movement was recorded.  
 The Lagrangian vertical strain [15] was calculated by the distance between the centres of the two 
patches in the first image to the distance between the centres of the two same patches in the last 
image (Figure 4).  
 
Figure 4: Calculation of Lagrangian vertical strain 
 
5. Results 
The test was run for 61 days and the total increase in height of the soil column was 65 mm (26%). 
Figure 5 shows the time histories of the inflow and the outflow water in the soil chamber during 61 
days of wetting. Few hours after the introduction of the water head, the water intake remained fairly 
constant at around 11 g/hr. This was slowed down before the water head was increased to 90 mm on 
the 14th day. The intake per hour then remained at a similar gradient to the previous mark until the 
27th day where the intake reduced. Figure 5 shows that the water outflow was first recorded on the 
42nd day and the outflow rate remains fairly constant at around 1.92 g/hour. The average inflow from 
the same point onwards was 4.37 g/hour. Results were analysed before a steady state was reached 
(inflow rate = outflow rate). This may indicate that water was still being absorbed by bentonite. 
 
 
Figure 5: Water inflow (cumulative) and outflow (cumulative) vs. time 
 
 Figure 6 shows the movement of the centre of each mesh patch. The crosses indicate the centre 
of each mesh patch after soil has swelled and the dots are the centre of the mesh patches before 
swelling has occurred. These results were obtained from analysing photos of textured surface using 
PIV. It is shown that the top moves substantially whereas the base does not move much at all. Figure 
  
 
 
7 shows the arrows depicting vector movement of the soil. It can be seen that the arrows are much 
larger at the top and decrease until they reach about halfway down the box. The pattern is consistent 
with the strain where the top layers experience the most movement and the middle layers show more 
movement in the centre than on the edges, due to wall surface frictional effects. 
 
 
Figure 6: Initial soil level (round) and swelling final (cross). Note vectors are calibrated.  
 
 
Figure 7: Vector Arrows show the movement of the soil. Note vectors are calibrated.  
 
  The vertical strain was calculated using calibrated data and the formula in Figure 4. The strain 
was taken from the distance between five vertical patches to decrease the error caused by larger 
moving patches. Figure 8 shows the high variability in the strain for the top layers. The sides show 
  
 
 
greater average vertical strain in the top layer, which decreases as the depth increases. This indicates 
that the average strain over the total height is the same. However, the soil-Perspex interface restricts 
the swelling as depth increases. The top 30 mm layer experiences greater than 80% strain. The 
legend shows the average height between the two vertical patches in mm. The final strain was then 
averaged for each layer and plotted against height (Figure 9). The amount of swelling follows a 
logarithmic curve where the top layers experience much greater amount of swelling than the bottom 
layers. The most top layer experienced over 100% strain.   
 
 
Figure 8: Average Vertical Strain at different layer heights vs. Chamber length 
 
 
Figure 9: Chamber height vs. Average Vertical strain 
 
 
6. Conclusions 
 This Project dealt with the swelling of a highly reactive clay soil ‘bentonite’ and laboratory 
modelling of its swelling behaviour through Particle Image Velocimetry (PIV). The following 
conclusions can be drawn from the results of this study: 
• The average swelling to occur in the chamber was 26% (250 mm initial to 315 mm).  
• PIV analysis was able to determine the amount of swelling that occurred within soil across the 
entire observed region.  
• The average vertical strain was over 100% in the top few layers 
• The sides of the chamber created a high frictional effect causing the middle to swell to a 
higher degree than the sides at lower levels. This was even after significant efforts to reduce 
this frictional effect. Hence attention will be needed on this aspect in future experimental 
modeling of this type. 
• PIV used under the right conditions is a helpful tool to determine the strain occurring in 
swelling soil. 
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